ABSTRACT Reducing litter moisture is an effective measure to reduce the incidence of footpad dermatitis. Dietary mineral levels affect intestinal conditions with regard to osmolarity and water reabsorption. Magnesium is often used as a laxative, preventing reabsorption of water from the digesta, and as a consequence, more moisture in the excreta. The objective of the current experiment was to evaluate Mg in broiler diets as a model for reduced intestinal water reabsorption. Effects of magnesium source (magnesium sulfate, magnesium oxide, and magnesium chloride), each at 3 levels (0.255, 1.02, and 2.04 g·kg −1 diet), were studied. Measured effects were digesta moisture levels throughout the gastrointestinal tract and the moisture level of the excreta. The 10 treatments were randomly assigned to cages within 6 blocks, resulting in 6 replicates per treatments with 18 birds per replicate. Adding magnesium to the diet of broilers linearly increased the excreta moisture content, following the pattern MgCl > MgSO 4 = MgO. This rejects the hypothesis that MgO and MgCl are less laxative sources compared with MgSO 4 . The magnesium sources most likely changed the water reabsorption in the distal gastrointestinal tract, as confirmed by the increased digesta moisture percentage in the ceca and colon. Increasing dietary MgSO 4 linearly reduced BW gain and feed intake, though absolute differences were minor. The results of this experiment show that Mg addition in the diet may be used as a model to study wet litter caused by reduced intestinal water reabsorption.
INTRODUCTION
Broilers are usually housed on litter, which is primarily composed of bedding material (e.g., wood shavings) that is continuously mixed with feed, feathers, and excreta throughout the growing period (Stephenson et al., 1990; Torok et al., 2009) . In practice, litter moisture concentrations range between 15 and 45% (Koerkamp, 1994; Hayes et al., 2000) and vary according to season (Meluzzi et al., 2008) . Litter is able to absorb large amounts of moisture, depending on the type of material used (Mayne et al., 2007; . When the amount of water added exceeds the amount of water removed by evaporation, "wet litter" can occur. Wet litter is a multifactorial problem. The main factors affecting wet litter prevalence are management and housing of birds (Weaver and Meijerhof, 1991; Mitran et al., 2008) , disease control, dietary factors (Francesch and Brufau, 2004) , and gut health (Montagne et al., 2003) . Preventing wet litter is a major focus in today's poultry industry to prevent production losses and maintain animal health and welfare. Multiple authors (Mayne et al., 2007; Wu and Hocking, 2011; Youssef et al., 2011) suggest that reducing litter moisture is an effective measure to reduce the incidence of footpad dermatitis (FPD). The critical litter moisture content for FPD development is around 35% (Abd El-Wahab, 2011) with FPD linearly increasing at higher litter moisture concentrations (Meluzzi et al., 2008; Wu and Hocking, 2011) .
Dietary mineral levels affect the osmolarity of the intestinal content and water reabsorption and as such, addition of high levels of minerals in the diet can therefore lead to diarrhea. However, the contribution of individual minerals to digesta osmolarity is diverse (Etheridge et al., 1984) . Magnesium is frequently used as a laxative in humans (Vu et al., 2000; Schiller, 2001) Effect of different magnesium sources on digesta and excreta moisture content and production performance in broiler chickens and also as an osmotic agent in animal diarrhea models where supplementation with 2 g·kg −1 magnesium sulfate (MgSO 4 ) consistently induces diarrhea in rats (Galvez et al., 1993; Uddin et al., 2005; Antonisamy et al., 2009; Ikarashi et al., 2011) . In humans, MgSO 4 decreases the small intestine transit time of chyme, reducing the time for nutrient and water reabsorption (Vu et al., 2000) . In broilers, Lee and Britton (1983) also found a dose related reduction in gut digesta transit time with increasing dietary MgO levels. The MgSO 4 is not readily absorbed in the intestine and changes the osmotic pressure in the lumen as well as the expression of aquaporin 3 in rats. Due to the reduced water transport by aquaporin 3, reabsorption of water from the digesta is prevented, and as a consequence, more moisture is excreted (Ikarashi et al., 2011) . Magnesium, an essential cation in the diet of most animals (Lee and Britton, 1980) , is involved in many cellular functions and as a cofactor in all major metabolic pathways (Saris et al., 2000; Liu et al., 2007) . Dietary addition of Mg under practical farming conditions is unusual, even though a recent study showed enhanced hepatic catalase activity after Mg supplementation (Liu et al., 2007) . This enhancement decreases lipid and muscle tissue peroxidation and subsequently can improve meat quality (Guo et al., 2003) . However, high levels of Mg negatively affect bone calcification (Atteh and Leeson, 1983) and induce diarrhea (Lee and Britton, 1987) in broilers. Absorption of Mg takes place mainly in the duodenum, ileum, and colon (Guenter and Sell, 1973; Saris et al., 2000) . In chickens 72% of the dietary MgSO 4 intake is absorbed during gut passage; however, availability is limited to essentially zero due to a large proportion of Mg that is excreted via the kidneys (Guenter and Sell, 1973) . Bioavailability of Mg depends on the source of Mg as has been shown for organic and inorganic Mg sources (Liu et al., 2007) and on the dissociation of the ions in the intestine. Both Mg and SO 4 are poorly used ions (Schiller, 2001) . Therefore, it may be more appropriate to choose a different Mg source to include in broiler diets. Magnesium oxide (MgO) and magnesium chloride (MgCl) are less toxic compared with MgSO 4 (Durlach et al., 2005) and thought to be less laxative (NRC, 2005) . Besides the nutritional effects of Mg, it may also serve as a wet litter model in broilers, increasing excreta moisture by reduced water reabsorption in contrast to increased water consumption. This model could facilitate the development of dietary or management intervention studies to reduce wet litter problems in practice.
The objective of the current experiment was to evaluate the effect of different Mg sources on digesta moisture levels in different segments of the gastrointestinal tract (GIT), excreta moisture content, and production performance of broiler chickens. Furthermore, each Mg source was included at different levels to assess if digesta and excreta moisture are affected in a doserelated manner. Finally, the possibilities to use dietary Mg addition as a practical model to induce increased excreta moisture by reduced water reabsorption in the GIT were evaluated.
MATERIALS AND METHODS

Birds and Housing
The experiment was performed in a broiler unit consisting of 2 rooms of 30 cages each. Across both rooms, cages were divided over 6 blocks of 10 cages with 3 blocks in each room. One thousand eighty Ross 308 male 1-d-old chicks, derived from 33-wk-old broiler breeders, were purchased from a commercial hatchery (Lunteren, the Netherlands) and randomly allocated to 60 cages. At 7 d of age, all birds were individually weighed and based on weight classes, and birds weighing between 131 and 200 g were assigned to 1 of 10 cages of each of the 6 blocks in such a way that each treatment was represented in each block and in each room. Each cage consisted of 18 birds and had similar total weights per cage within block. Birds outside the weight range were not used. Average initial weight of the birds was 164.8 ± 4.4 g. The cages (100 × 110 cm) had a raised wire floor on top of which a rubber plate was placed, which was covered with a 2-cm layer of wood shavings. Each cage was equipped with 2 adjustable cup drinkers and a feeder that was positioned inside the cage for the first 14 d. From d 15 onward, feed was supplied via a feeder trough in front of the cage. Both feed and water were provided ad libitum throughout the study. Continuous artificial lighting was maintained for 23 h/d throughout the experiment. Temperature, RH, and ventilation were computer controlled with the temperature gradually decreasing by 2.5°C per week, from 34°C on the day of arrival (1-d-old chicks) to a final temperature of 20.5°C at the end of the experiment (d 36). Room temperature was recorded continuously using data loggers, and RH was set at 50% throughout the experiment. The birds were spray-vaccinated against Newcastle disease (Poulvac NDW-vaccine) at 13 d of age. The experimental methods were approved by the Ethical Committee of the Animal Science Group of Wageningen University and Research Center, Lelystad, the Netherlands.
Experimental Design
Three different Mg sources (MgSO 4 , MgCl, and MgO) at 3 different Mg levels (0.255, 1.02, and 2.04 g·kg −1 diet) were tested against a control diet without any added Mg, resulting in a total of 10 treatments. Inclusion levels were chosen based on levels previously tested by Guo et al. (2003) and Liu et al. (2007) . In these studies the tested levels had little effects on broiler performance. The 10 treatments were randomly assigned to cages within 6 blocks, resulting in 6 replicates per treatments with 18 birds per replicate. The experimental treatment started at 7 d of age. All birds received the same standard starter diet during the preexperimental period.
Experimental Diets
All diets were formulated to meet the nutrient requirements of broilers (CVB, 2006) . The starter and grower diets contained 2,952 and 3,054 kcal AME·kg −1 and 10.20 and 9.70 g·kg −1 apparent fecal digestible lysine, respectively. In advance of diet formulation, batches of wheat, corn, and soybean meal were reserved and analyzed for CP (Combustion, ISO 16634). Near-infrared reflectance spectroscopy (NIRS) analysis (ISO 12099) was applied to estimate crude ash, crude fat, crude fiber, and DM content.
For the preparation of the starter and grower diets, a basal diet (97.5%, Table 1 ) was produced and divided into 10 equal batches. In the control starter and grower diets, 1.25% Diamol and 1.25% cellulose were included as filler. The Mg sources were added at the desired levels via inclusion of MgSO 4 ·H 2 O (20.2% Mg), MgCl·6H 2 O (12.0% Mg), or MgO (60.3% Mg) based on their Mg content, exchanging on an equal weight basis with Diamol and cellulose (50% each). The exact inclusion of the different Mg sources and the analyzed Mg and Cl content of the produced diets are given in Table  2 . Starter diets were pelleted at 2.5 mm and grower diets at 3.0 mm. After production, all diets were analyzed for N (Combustion, ISO 16634), crude fat, crude fiber, and DM (NIRS, ISO 12099), Ca, P, Na, K, and Mg (ICP-AES, ISO 27085:2009) content. Additionally, the control and MgCl diets were also analyzed for Cl content (Ionchromatography; Smee et al., 1978) .
Data Collection
Bird weights were recorded per pen at the start of the experiment (d 7) and for individual birds at 14, 21, 28, and 36 d of age. In addition, feed consumption for each pen was recorded on the same days as the birds were weighed. Based on BW gain and feed consumption, feed conversion ratio (FCR, kg of feed consumed/ kg of weight gain) was calculated.
At 14 and 28 d of age, excreta were collected per cage in one room (3 replicates per treatment) and at 36 d all cages were sampled (6 replicates per treatment). Excreta collection at 14 and 28 d was achieved using an excreta collection box, whereas at 36 d, litter and the rubber plate were removed from the cages and metal plates were placed underneath the cages from which excreta was collected. All excreta were collected per cage with feathers and feed particles carefully removed. Excreta samples were homogenized and a representative subsample was taken for DM analysis by NIRS (Smith et al., 2001; Hangoor et al., 2009 ). The amount of free water in each excreta sample was determined using the method Etheridge et al. (1984) with some modifications. An amount of excreta (22.0 ± 0.4 g) was accurately weighed into a preweighed plastic centrifuge tube and centrifuged at 2,230 × g) for 24 min. Afterwards, the supernatant was manually removed using a pipette before the tube was reweighed. The amount of water removed by centrifugation (free water) was calculated by the difference and expressed as a percentage of the original excreta weight.
At d 36 of age, 4 broilers per cage with weights close to the mean weight of the cage were selected for sample collection. Birds were killed by cervical dislocation, and the GIT was removed and divided into 7 parts (duodenum, proximal jejunum, distal jejunum, proximal ileum, distal ileum, ceca, and colon) from which digesta was collected by gently squeezing (without the use of water) for DM analysis by freeze drying. The jejunum was taken to be between the end of the duodenal loop to Meckel's diverticulum and the ileum from Meckel's diverticulum to the ileocecal junction. Both were divided in 2 parts with equal length.
Statistical Analysis
For comparison of the different treatments, all data were subjected to mixed models analysis using the PROC MIXED procedure in SAS (Version 9.2, 2008, SAS Institute Inc., Cary, NC) according to the following statistical model:
where Y ij = specific trait measured for each experimental unit, μ = overall mean for the specific trait, τ i = fixed effect of treatment (i = I, II, III, ..., X), B j = random block effect (j = 1, 2, 3, ..., 6), and ε ij = residual error term. Preplanned contrasts were used to determine significant relationships for 1) linear effect of MgSO 4 addition, 2) quadratic effect of MgSO 4 addition, 3) interactive effect of linear addition of MgSO 4 by linear addition of MgO, 4) interactive effect of linear addition of MgSO 4 by linear addition of MgCl, and 5) interactive effect of linear addition of MgO by linear addition of MgCl.
RESULTS
Digesta DM
Increasing the dietary MgSO 4 concentration linearly increased digesta moisture in the ceca (P < 0.0001) and the colon (P < 0.0001; Table 3 ). No statistically significant quadratic effects were found (data not shown). Differences in the linear increase in digesta moisture to added Mg were found between the 3 Mg sources. In the proximal ileum, MgCl reduced digesta moisture with increasing dietary Mg level compared with MgSO 4 (P = 0.0380) and MgO (P = 0.0202). Additionally, in the ceca, MgCl increased digesta moisture more than MgO (P = 0.0493).
Excreta Moisture and Free Water
Excreta moisture increased linearly with increasing dietary MgSO 4 levels both at 14 (P = 0.0116) and 36 (P < 0.0001) d of age (see Table 4 ). No statistically quadratic effects were found (data not shown). At 14 d of age, birds fed additional MgCl showed a stronger increase in excreta moisture compared with MgSO 4 (P = 0.0332), and at 36 d of age birds fed additional MgCl had a stronger increase in excreta moisture compared with birds fed MgO (P = 0.0087).
Free water in excreta increased linearly with increasing dietary MgSO 4 levels at 36 d of age (P < 0.0001, Table 4 ). No quadratic effects were found (data not shown). The linear response differed for MgO and MgSO 4 compared with MgCl. At 36 d of age, MgCl showed a stronger increase in excreta-free water compared with both MgSO 4 (P = 0.0090) and MgO (P = 0.0006).
Performance
Performance data are presented in Table 5 . During the grower period (14 to 36 d) and total period (7 to 36 No added Mg. NS, P > 0.10; *0.10 < P ≤ 0.05; **0.05 < P ≤ 0.01; ***P < 0.01. No added Mg. NS, P > 0.10; *0.10 < P ≤ 0.05; **0.05 < P ≤ 0.01; ***P < 0.01. No added Mg. NS, P > 0.10; *0.10 < P ≤ 0.05; **0.05 < P ≤ 0.01; ***P < 0.01. d), feeding increasing levels of MgSO 4 linearly reduced BW gain (P = 0.0301 and P = 0.0285, respectively). Similarly, feed intake linearly reduced after feeding increased MgSO 4 levels in the grower and total period (P = 0.0153 and P = 0.0163, respectively). In contrast, FCR responded in a quadratic manner to MgSO 4 in the grower and in the total period (P = 0.0151 and P = 0.0118, respectively), with the best FCR at 1.020 g·kg −1 of Mg supplied by MgSO 4 . The linear response of feed intake and BW gain from 7 to 14 d of age to additional MgO differed from MgCl (P = 0.0127 and P = 0.0079, respectively). Adding MgO reduced BW gain and feed intake, whereas these parameters were slightly increased by the addition of MgCl.
DISCUSSION
The Mg sources tested in current study all clearly increased excreta moisture content. Excreta moisture increased on average with 5.5% due to any dietary Mg addition compared with the control diet. This finding is in agreement with findings by other authors Britton, 1983, 1987) . It is interesting that the increase in excreta moisture output in our study was dependent on the source of dietary Mg. Compared with the control diet, adding MgO increased excreta moisture by 4.2%, MgSO 4 by 4.5%, and MgCl by 7.9%. The increase in excreta moisture followed a linear dose-response pattern. In broilers Britton, 1983, 1987) and humans (Vu et al., 2000) , a dose-related reduction in gut passage time with Mg supplementation was observed. Lee and Britton (1987) found a dietary addition of 0.3% MgO to be sufficient to induce diarrhea in broilers. In present study, a dietary Mg addition of 0.255% already increased excreta moisture, although no diarrhea was observed. Only at the highest Mg inclusion levels (2.04%) diarrhea seems to occur, with excreta moisture values around 75%.
Magnesium is classified as an poorly absorbable ion (Schiller, 2001) , with a retention coefficient of 0.24 in 14-d-old broilers (Thomas and Ravindran, 2010 ) and between 0.15 and 0.18 in 21-d-old broilers (Ravindran et al., 2006) . The presence of nonabsorbed minerals can be attributed to the osmolarity of the digesta (Etheridge et al., 1984) , and the laxative effect of Mg has been suggested to be due to osmotic effect of Mg (Schiller, 2001; Xing and Soffer, 2001 ). However, Lee and Britton (1987) did not find a difference in total osmolarity in the upper or low intestine after increasing Mg from 0.15 to 0.80%. These authors suggested that Mg-induced diarrhea was due to neural and endocrine effects rather than solely by osmotic effect.
In the present experiment, the slope of the increase in excreta moisture was different for the 3 Mg sources tested, suggesting that the Mg as oxide or the 2 counterions affected the response to the dietary Mg level differently. Magnesium oxide resulted in the least steep slope (1.56), followed by MgSO 4 (1.91) and MgCl (2.97), as shown in Figure 1 . It is expected that solubility affects the bioavailability of Mg and this solubility affects the dissociation of the Mg source into ions and subsequently the level of Mg 2+ present in the digesta at the lower intestine. Differences in the bioavailability of Mg sources were already apparent between organic and inorganic Mg sources, where organic sources induced a higher increase in serum Mg compared with inorganic Mg sources (Liu et al., 2007) . In humans, MgCl showed to have a higher bioavailability than MgO (Firoz and Graber, 2001) . Additionally, Durlach et al. (2005) noted higher absorption levels of Mg from MgCl compared with MgSO 4 . Magnesium plays a role in the opening, closing, or blocking of different ionic channels, affecting ion fluxes through membranes. Previous effect depends on the hydration state of the molecule, different between Mg salts (Guiet-Bara et al., 2007) . In a aqueous solution, MgSO 4 is in a higher state of hydration with 7 water molecules compared with 6 water molecules in MgCl 2 (Durlach et al., 2005) . A higher bioavailability and dissociation of the Mg sources into ions for MgCl compared with MgO and MgSO 4 results in an increased absorption of Mg and Cl. However, excess of both ions will be excreted via the kidneys (Saris et al., 2000) and can reach the colon and ceca via antiperistaltic movements, thereby affecting the osmotic value of the chyme and preventing water reabsorption.
Digesta moisture level changed throughout the digestive tract (Table 3) . Our data in broilers showed increased moisture content of the digesta in the distal ileum, ceca, and colon after dietary addition of Mg. This finding may coincide with the primary function of the colon and ceca, which is absorption of fluids and ions (Holtug et al., 1996; Laverty et al., 2006) . Urine excreted into the cloaca can due to antiperistalsis enter the colon and ceca, but not the small intestine (Clench and Mathias, 1995) . The order of water reabsorption decreases from ceca > colon > coprodeum (Thomas, 1982; Clench and Mathias, 1995) . Removing the ceca reduced DM digestibility (Raharjo and Farrell, 1984; Son et al., 2000) and increased the water intake of birds (McNab, 1973) . However, after some days, compensation of water reabsorption by other intestinal segments occurs. Through reflux into the colon and ceca, the Mg concentration in these segments could increase considerably with increasing dietary inclusion. The increased Mg concentration in the ceca and colon would subsequently reduce water reabsorption as shown by the linear increase in digesta moisture levels in those segments in the present study.
Dietary mineral level and dietary electrolyte balance (dEB) play an important role in excreta moisture (Collet, 2006) . Essential minerals in the dEB calculation are monovalent electrolytes Na, K, and Cl (dEB = Na + + K + − Cl − ). Increasing Na alone or in combination with Cl in the diet (Jankowski et al., 2011; Murakami et al., 2001; Oviedo-Rondón et al., 2001) or drinking water (Watkins et al., 2005) increased excreta moisture content. The dietary salt content affects the blood os-motic pressure, which is a thirst-regulating mechanism (Borges et al., 2003) . As a result, broilers will consume more water and consequently this will result in extra water output via the excreta (Vena et al., 1990; Smith et al., 2000) . However, excreta moisture in broilers was not affected by Cl alone (Pesti et al., 1999; Murakami et al., 2001; Oviedo-Rondón et al., 2001) . Chloride is considered the main regulator of the osmotic gradient responsible for water movement into the intestine in humans (Murek et al., 2010) . In the present study, the digesta in the ceca and colon as well as the excreta of the birds fed the MgCl contained more water. Magnesium ( 2+ ) and sulfate ( 2− ) have also been included in dEB calculation, although their importance is less compared with the basic 3 minerals in the calculation (Mongin, 1981) . The reason for the latter is related to the lower absorption of divalent ions from the intestine into the blood and the fact that these minerals are usually oversupplied in the diet and therefore not limiting (Ahmad and Sarwar, 2006) .
The binding of the water in the excreta of the birds was affected by Mg source, as shown by the differences in percentage excreta-free water (Table 4 ; Figure 1) . Compared with the control diet, adding MgO in the diet increased free water on average 4.9 times, MgSO 4 5.8 times, and MgCl 10.5 times. The increase in excreta-free water content with the MgCl treatment was significantly different from the MgO-and MgSO 4 -supplemented diets. The increase in free water content in response to Mg addition for all Mg sources was linear. The increase of excreta-free water in the MgCl treatment was stronger (slope 11.2) compared with the other 2 Mg sources tested (slopes 6.9 and 5.4 for MgSO 4 and MgO, respectively). The binding of water affects the availability of water for the microbiota present in the litter and may therefore contribute to production of ammonia and its release from the litter (Koerkamp et al., 1998; Nahm, 2003) . Therefore, not only reduction in excreta moisture content, but more importantly reduction of excreta-free water should be reached to reduce ammonia release from the litter.
In agreement with studies by Guo et al. (2003) and Liu et al. (2007) , the tested levels of Mg had a limited effect on broiler performance, although BW gain and feed intake were linearly reduced by increasing MgSO 4 . Magnesium is an important cation in the diet of most animals (Leeson and Summers, 2001) , and it is essential for normal nerve conduction, muscle function, and bone mineralization (NRC, 2005) . Additionally, Mg is an important cofactor in major metabolic pathways in the body (NRC, 2005) such as oxidative phosphorylation (Vitale et al., 1957) and the transfer of P between adenosine triphosphate, adenosine diphosphate, and adenosine monophosphate leading to adenosine triphosphate formation (Leeson and Summers, 2001 ). However, it has been suggested not to initiate Mg supplementation at a very young age (Atteh and Leeson, 1983; Gaal et al., 2004) , especially because feeding excessive Mg (e.g., 1.4% MgCO 3 ) may lead to skeletal abnormalities (Lee and Britton, 1980) . In summary, adding Mg to the diet of broilers increased the digesta and excreta moisture content in a linear manner. This increase was highest for MgCl, followed by MgSO 4 and MgO, and rejects the hypothesis that MgO and MgCl are less laxative Mg sources compared with MgSO 4 . The Mg sources most likely changed water reabsorption in the distal GIT, as confirmed by an increase in digesta moisture percentage in those segments. The later finding confirms the hypothesis that dietary Mg addition can be used as a model to study wet litter caused by reduced intestinal water reabsorption. Limited differences in excreta moisture content were found between the MgO and MgSO 4 . Increasing dietary MgSO 4 significantly reduced BW gain and feed intake, although absolute differences were small. No significant effects of MgCl and MgO addition were found compared with the dietary MgSO 4 addition. Therefore, it seems possible to use Mg as a wet litter model, where highest excreta moisture increase was obtained with MgCl.
